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PSCs are supposed to consist of liquid supercooled ternary solution (STS) droplets, solid nitric acid trihydrate (NAT) particles and/or solid ice particles (Peter and Grooß, 2012) . Their formation mechanisms are still a focus of research, newly motivated by global, high resolution satellite observations (Spang et al., 2018; Pitts et al., 2018) . Due to the level of complexity and still existing knowledge gaps :::::::: unknown :::::::: processes :: in ::: the :::::::: formation :: of ::::: solid :::: PSC ::::::: particles, large differences in the parameterization and representation of PSCs in global models exist. models ::::: varies :: as ::::: well. Most current global models use a simplified PSC scheme that prescribes number densities and particle radii and assumes thermodynamical equilibrium (Morgenstern et al., 2017) . Some Chemistry Climate Models (CCMs) like SD-WACCM and EMAC (ECHAM5/MESSy Atmospheric Chemistry model) offer submodels with more detailed PSC schemes.
Those can be coupled to the standard model setup for intensive PSC studies, as done by Kirner et al. (2011 Kirner et al. ( , 2015 with EMAC
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and Zhu et al. (2015 Zhu et al. ( , 2017b with SD-WACCM. However, as presented recently by Khosrawi et al. (2018) , comparisons of measured PSC properties with corresponding EMAC results show deficiencies. Before Zhu et al. (2017a) , the microphysical model for ice particles within SD-WACCM was missing and the fact that NAT nucleation in SD-WACCM is still based on the homogeneous surface nucleation scheme by Tabazadeh et al. (2002) is a matter of debate (Peter and Grooß, 2012) . Gaps, weaknesses, and uncertainties :::: Non :::::::: satisfying ::::::::: agreement ::::::: between ::::::: models ::: and ::::::::::: observations :: as :::: well :: as :::::::::: fundamental :::::::::: differences on prescribed wind fields. This study makes use of wind and temperature fields from ERA-Interim analysis ::::::: analyses : provided by the European Centre of Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011) . Total diabatic heating rates are also taken from ERA-Interim and used to determine vertical velocities (Ploeger et al., 2010) . CLaMS uses a hybrid vertical coordinate (ζ). At pressure levels lower than 300 hPa, ζ can be interpreted as potential temperature (θ). Towards higher pressure levels, ζ transforms from an isentropic to a pressure-based coordinate (Pommrich et al., 2014) . Mixing is induced
5
where the underlying wind field shows large shear, diagnosed by the Lyapunov exponent (McKenna et al., 2002b) . Wherever the Lyapunov exponent exceeds a critical value, mixing between air parcels is introduced either by adding or by merging air parcels in the case of divergence or convergence, respectively. Using this method, a critical Lyapunov exponent of 1.5 day
ensures an approximate equally distributed grid and appropriate mixing strength (McKenna et al., 2002b) . The sensitivity of simulated trace gas distributions in the upper troposphere / lower stratosphere to the value of the critical Lyapunov coefficient 10 is further discussed in Riese et al. (2012) . Stratospheric chemistry within the CLaMS chemistry module is an updated version of McKenna et al. (2002a) with additional reactions listed in Grooß et al. (2014) . The chemical composition of the whole atmosphere is described by the individual air parcels in the shown setup. Each air parcel represents a certain volume of its surrounding atmosphere with about 380 000 air parcels in total. Here, simulations were carried out with a horizontal resolution of 100 km in the polar regions. Vertically, the model is divided into 32 levels between 320 and 900 K, resulting in a vertical comparisons of simulated PSC properties with various observations. Finally, NAT and ice particle surface areas are calculated within the CLaMS sedimentation module and now also transfered to and used within the chemistry module. First applications are shown in a paper by .
Sedimenting particles in CLaMS are also described by a Lagrangian approach. So-called particle parcels are initialized next 5 ::
in ::::::: addition to CLaMS air parcels and move independently within the three-dimensional space. Every particle parcel represents a number of NAT or ice particles, equally distributed over a certain volume of air. The given number density remains constant during the particle's lifetime. Growth, sedimentation, and evaporation of the particles are carried out following the procedure described in detail in Carslaw et al. (2002) . Vapor pressures of HNO 3 are calculated following Hanson and Mauersberger (1988) , H 2 O vapor pressures are calculated according to Murphy and Koop (2005) . Uptake and release of H 2 O and HNO 3 is 10 carried out by taking into account a weighted distance to the three nearest neighbors each above and below (Konopka et al., 2004 and ::::::::::: ERA-Interim ::::::::::: temperatures. : Further details to the module's fundamentals can be found in Grooß et al. (2005) .
Currently, the sedimentation module comprises the following nucleation pathways:
15
-Heterogeneous NAT nucleation Grooß et al. (2005) started the sedimentation module using a constant NAT nucleation rate taken from Voigt et al. (2005) . With a rate of 7.8 × 10 −6 cm −3 h −1 , NAT formed instantaneously as soon as temperatures dropped below T NAT .
In Grooß et al. (2014) , the heterogeneous NAT nucleation was updated motivated by results obtained in the RECON-CILE field campaign and new scientific findings about heterogeneous PSC nucleation. According to Hoyle et al. (2013) , a 20 saturation-dependent, non constant nucleation rate of NAT particles was formulated and used to improve the simulations.
The active site theory (Marcolli et al., 2007) represents the basis for this approach. The idea behind ::: this : is that particles may offer a certain probability to nucleate NAT or ice, respectively. The probability differs from particle to particle, which leads to nucleation events over a broad temperature range as observed by Marcolli et al. (2007) . So called active sites, particle surface inhomogeneities, are assumed to initiate nucleation. A particle might carry several of these sites 25 but only the best active site is of importance and triggers the nucleation event. For the use within CLaMS, the number of particles carrying a particular contact angle is tabulated in steps of 0.1 • and described by a combination of temperature and saturation ratio. The nucleation rate is calculated by the sum over all bins up to the actual temperature and saturation ratio. Further particle nucleation takes place only if the temperature drops and/or the saturation ratio increases.
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Compared to Grooß et al. (2014) , we changed two details in the calculation.
(1) Information related to the number of activated contact angles are stored for each particle parcel and are now also exchanged with the surrounding air parcels.
Increasing saturation ratios increases the number of activated contact angles. Mixing is considered and as soon as PSC particles evaporate, the value for activated contact angles is reset to zero. (2) Up to now, particle formation took place every 24 hours . For this reason, S NAT/ICE and T min are traced along each air parcel trajectory to make use of the daily minimum temperature and maximum saturation ratio. We kept the possibility to nucleate PSC particles only once per day, e.g. to save computing time, but introduced now also Fig. 1 and based on the same parameterization for heterogeneous ice nucleation as defined in Engel et al. (2013) . A combination of temperature (x-axis) and supersaturation (color-coded) defines the number of foreign nuclei initiating ice particle nucleation, which is therefore equal to the number of nucleated ice particles (y-axis on the right side of the figure). With decreasing temperature and increasing supersaturation, more contact angles can be activated (y-axis on the left side of the figure) and the number density of nucleated ice particles increases. The size of 15 the nucleated ice particles is often determined by equilibrium conditions. While nitric acid uptake for :: by micron-sized particles needs hours, water is in equilibrium on the timescales of seconds (Meilinger et al., 1995 
-Homogeneous ice nucleation
Homogeneous nucleation of ice crystals from supercooled aqueous solution droplets has been described by Koop et al. (2000) . To calculate the freezing threshold within CLaMS, we introduced the critical supersaturation S cr following Kärcher and Lohmann (2002) :
This approximation is based on Koop et al. (2000) and saves additional computation time. The particle radius of 0.25 µm given by Kärcher and Lohmann (2002) agrees well with the mean radius of STS droplets (Peter and Grooß, 2012 Carslaw et al., 1998a; Fueglistaler et al., 2003) . Therefore, we assume that homogeneous nucleation within CLaMS 10 results in n(ice) = 10 cm −3 .
-NAT nucleation on preexisting ice particles NAT nucleation on preexisting ice particles is an accepted and often confirmed pathway of NAT formation (Carslaw et al., 1998b; Biermann et al., 1998; Luo et al., 2003) . Downstream of mountain waves, NAT supersaturations are high and clouds with NAT number densities of up to 1 cm −3 have been observed (see Peter and Grooß, 2012, and 15 references therein). In this study, we allow 50 % of the existing ice particles to serve as NAT nucleus with an upper limit of n(NAT) = 1 cm −3 per nucleation event. NAT particle radii and volume are determined assuming thermodynamical equilibrium. This calculation is a first and easy attempt to include NAT nucleation on preexisting ice particles in a global model and may need refinements in later studies.
Parametrization of temperature fluctuations
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It has been shown in several studies that small-scale temperature fluctuations are ubiquitous in the atmosphere and play an important role in ice cloud formation (e.g. Hoyle et al., 2005; Kärcher et al., 2014; Podglajen et al., 2016 analysis. Due to a resolution of 1 • × 1 • of the underlying wind and temperature fields from ERA-Interim used in this study, we do not expect to explicitly catch wave patterns such as mountain wave ice events (see e.g. Engel et al., 2013) . However, a persistence of gravity wave activity from background winds at subgrid-scales need ::::: needs to be parameterized somehow in order to mimic PSC formation in general.
For CLaMS, we make use of parameterizations by Gary (2006) for the Northern Hemisphere (NH) and Gary (2008) spectra in the wavelength range from 4 to 15 µm (Fischer et al., 2008) . The satellite operated also in a sun synchronous orbit 30 and allowed geographical coverage up to both poles due to additional poleward tilt of the primary mirror (usually 87
• N). MIPAS measures ::::::: measured : PSCs at day and night time. ice particles as a function of wavelength (e.g. Mishchenko et al., 2010) . Prolate spheroids for both ice and NAT particles with aspect ratios of 0.9 (diameter-to-length ratio) and a refractive index of 1.31 for ice and 1.48 for NAT have been chosen (Engel et al., 2013) . To fully adopt the procedure of PSC classification, we calculated σ also for modeled values using the CALIOP noise equation as follows:
The CALIOP noise factor (CNF) combines different scaling factors into a single value for each CALIOP horizontal averaging scale ::::::::::::: (Liu et al., 2006) . We have been using a CNF of 0.00102 for all our calculations, which corresponds to an horizontal average of 135 km and therefore a best case for detection. The calculations have been done with the assumption that the parallel and perpendicular components of molecular backscatter are 0.99634 and 0.00366 times the total molecular backscatter, respectively. Finally, the following relationship is used for σ(R):
The last term accounts for assumed 3 % relative uncertainty in molecular backscatter.
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The procedure described above is essential to compare individual optical properties on a cloud by cloud basis. Comparisons between CLaMS, CALIOP, and MIPAS showing PSC areal coverage have been performed using CLaMS PSC surface areas.
Information about the surface area density of ice, NAT, and STS particles per volume of air is available for every CLaMS air parcel. The quantity is derived from CLaMS particle parcels and interpolated onto neighboring CLaMS air parcels using a distance depending weight at every time step during the simulation. This step saves computing time and allows an easier 
MIPAS
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The MIPAS PSC detection and classification approach is based on the combination of the well-known two-color ratio method for IR limb measurements (Spang and Remedios, 2003) , the cloud index, and multiple 2-D brightness temperature difference probability density functions (Spang et al., 2016) . The so-called Bayesian Classifier combines the information content of various correlation diagrams of color ratios and brightness temperature differences covering several atmospheric window regions.
Finally, the classifier estimates the most likely probability that either one of the three PSC types (ice, NAT, or STS) dominates 20 the spectral characteristics of MIPAS or defines mixed-type clouds with intermediate probabilities (40 -50 %). The MIPclouds processor for detection and cloud parameter retrieval is presented in detail in Spang et al. (2012) . Spang et al. (2016) introduced the methodology of the Bayesian Classifier (v1.2.8) for PSC cloud types. The classification method has been applied to the complete MIPAS data set (Spang et al., 2018) .
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Within this paper, we compared horizontal distributions of PSC composition classes for both hemispheres on single days at constant levels of potential temperature. MIPAS data have been processed as described above. Engel et al. (2013) . Moreover, this day is right in the middle of the one week period of intensive ice cloud coverage in the NH vortex with largest areas covered by ice PSCs :::::::::::::: (Pitts et al., 2011).
simulations of dehydration and denitrification are shown in detail for a SH winter. For this reason, the Antarctic winter 2011 is presented with a series of cloud comparisons throughout the whole PSC season. A detailed look on individual clouds illustrates the performance of the CLaMS ice PSC scheme. In the middle of the one week period of synoptic-scale ice PSCs in January 2010, we selected the 18 January 2010 for a single cloud comparison (Fig. 3 ).
This particular orbit has already been in the focus of Engel et al. (2013) to adjust the heterogeneous nucleation rates for ice.
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Whereas Engel et al. (2013) used the microphysical box model ZOMM, run on single trajectories and starting at most ten days before the point of observation, we are using a CTM in this study, initialized on 01December though NAT particles are present with volume densities smaller than about 0.3 µm 3 cm −3 or NAT particles with radii larger than 3 µm (Höpfner et al., 2006a, b; Spang et al., 2018) . Moreover, NAT clouds are mixtures of NAT and STS or even NAT, STS, and ice particles as emphasized by e.g. Peter and Grooß (2012) and Pitts et al. ( , 2018 leading to the conclusion that the discrepancy between NAT and STS as seen in Fig. 4 might be a caveat in the MIPAS classification. However, as seen in the results for the Antarctic winter 2011, CLaMS also tends to overestimate NAT occurrences (compare Sect. 4.2).
5 Figure 5 demonstrates the effect of PSCs on the distribution of gas-phase HNO 3 and H 2 O of the polar winter stratosphere.
First, PSCs lead to a temporary removal of HNO 3 and H 2 O from the gas phase by condensation onto NAT and ice particles, respectively, and uptake by STS droplets. both showing NAT PSCs to be the first type of PSCs present in the season. In contrast, the MIPAS classifier detects STS clouds first. NAT PSCs follow some : , :::: with :::: NAT ::::: PSCs :::::::: following : a : few days later due to data gaps ::: (see :::: also :::::: Fig. 9 ). 
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−2 cm −3 with particle radii larger than 5 µm (not shown). Going further in time, a large fraction of the vortex is covered by ice PSCs, typical for Antarctic winters. Also here, the agreement between CALIOP, MIPAS, and CLaMS is satisfying at PSC altitudes (Fig. 6) . High values of NAT coverages seen in the MIPAS data at altitudes below 15 can again be attributed to a bias in the PSC detection (Spang et al., 2018) . Throughout the PSC season, we also looked at single clouds ( Fig. 7 and shows one such example where CLaMS produces widespread NAT particles in a region where CALIOP observes few NAT The temporal evolution of gas-phase water vapor and nitric acid as measured by MLS and simulated by CLaMS is presented in Fig. 10 . Dehydrated and denitrified areas are clearly seen in the MLS measurements and in the CLaMS simulations. Water vapor mixing ratios as low as 1.6 ppm (vortex core average) are observed. HNO 3 mixing ratios in the vortex core are extremely low and reach values of 200 ppt. Evaporation of sedimenting PSC particles produces layers of enriched H 2 O (rehydrated) and HNO 3 (renitrified) air. They appear below the depleted regions as seen in both MLS observations and CLaMS. The results
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highlight the new capability of CLaMS to simulate the vertical redistribution of H 2 O in good agreement with observations.
The cirrus module of CLaMS would irreversibly remove the water in the dehydrated areas. In contrast, the new sedimentation module conserves H 2 O. The signal of sedimentation with subsequent rehydration below is visible until the end of July in the observations as well as in the simulations. Thereafter, a diabatic descent of the rehydrated layer causes that water sedimenting (Höpfner et al., 2006a, b; Spang et al., 2018) . However, the comparisons with CALIOP also 10 shows differences in Figure 1 . Visualization of the heterogeneous ice nucleation parameterization derived from Engel et al. (2013) . The sum of foreign nuclei initiating heterogeneous ice nucleation (equal to a certain contact angle) resulting from a combination of temperature and supersaturation (color-coded). 1.E−07
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